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We experimentally study resonant light scattering by a one-dimensional randomly filled chain of cold two-
level atoms. By a local measurement of the light scattered along the chain, we observe constructive interferences
in light-induced dipole-dipole interactions between the atoms. They lead to a shift of the collective resonance
despite the average interatomic distance being larger than the wavelength of the light. This result demonstrates
that strong collective effects can be enhanced by structuring the geometrical arrangement of the ensemble. We
also explore the high intensity regime where atoms cannot be described classically. We compare our measure-
ment to a mean-field, nonlinear coupled-dipole model accounting for the saturation of the response of a single
atom.
Two scatterers illuminated by a resonant light field are cou-
pled to each other as the field radiated by one acts on the other,
giving rise to a light-induced resonant dipole-dipole interac-
tion. In a disordered ensemble containing many emitters, the
random relative phases of the radiated fields lead to destruc-
tive interferences suppressing the effect of interactions. Struc-
turing the sample could allow recovering constructive inter-
ferences, thus enhancing dipole interactions and shaping its
collective coupling to resonant light [1–5]. Cold atoms pro-
vide an interesting platform to study collective light-matter
interaction, exhibiting negligible inhomogeneous broadening.
Experiments on disordered samples of cold atoms already led
to the observation of collective effects in near-resonant light
scattering [6–15]. Realizing ordered atomic arrays to en-
hance the collective coupling to light requires controlled po-
sitioning of the individual atoms with sub-wavelength pre-
cision. This sets stringent experimental requirements, but
provides new pathways to engineer strong collective light-
matter coupling. For example, the interactions can lead to
enhanced reflectivity for a single atomic layer [2, 3, 16], an
effect recently demonstrated using ultra-cold atoms in two-
dimensional optical lattices [17]. In 1D arrays, it was pre-
dicted that interactions induce sub-radiant transport in atom-
ically thin wires [18–22]. These predictions rely on models
based on linear coupled dipoles (e.g. [23]), or small scale full
quantum models [22, 24, 25]. This restricts the analysis either
to the weak driving limit where a classical model is valid, or
to small ensembles of up to about a dozen atoms, where full
quantum calculations can be done. Experimentally, collective
scattering with one-dimensional systems has been observed
with atoms trapped near nano-photonic waveguides or nano-
fibers [26–30], and with chains of up to 8 trapped ions [31].
In this work we study resonant light scattering by a one-
dimensional chain of two-level atoms as considered theoret-
ically, e. g. in [21, 32, 33]. For this we present a platform
realizing a free-space, 1D partially filled chain of up to 100
atoms. We measure the intensity spectrum of the light scat-
tered perpendicular to it. By local and global measurements
of the resonance frequency shift we show that collective con-
structive interferences in resonant dipole-dipole interactions
lead to an enhancement of the shift with respect to random
dense ensembles [7, 11, 14, 15]. Finally, we extend our exper-
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FIG. 1. (a) Chain of atoms under axial excitation. The total phase
accumulated by propagation and single scattering is the same in
the forward direction irrespective of the position of the atom. This
results in constructive interferences of all forward scattered fields.
(b) Schematic of the experimental setup. Two orthogonal high-
resolution optical systems based on 4 in-vacuum aspheric lenses
(AL) realize a chain of single atoms in a 1D-optical lattice and col-
lect the scattered light on an electron-multiplying CCD (EMCCD).
iments beyond the weak driving limit, and observe a suppres-
sion of the interaction-induced shift. We compare our findings
to a model based on nonlinear coupled dipoles [34].
To illustrate how the dimensionality of the atomic ensem-
ble enhances collective scattering, consider a 1D chain of
atoms excited by a plane wave (frequency ω = kc) propagat-
ing along the chain axis zˆ (Fig. 1) as proposed in [32]. In the
low-intensity limit, the dipoles respond linearly to the field E
[35], i. e. the dipole of atom n at position zn is dn = ε0αE(zn),
with α = i(6pi/k30)/(1− 2i∆/Γ0) the atomic polarizability.
Here, k0 = 2pi/λ0 is the transition wavevector, ∆=ω−ω0 the
detuning with respect to the single-atom resonance frequency
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2ω0, and Γ0 the linewidth. By propagating along zˆ, the driving
field accumulates a phase k zn on atom n. The induced dipole
dn scatters a field phase-shifted by φ = Arg(α) with respect
to the driving plane wave [36–39]. This scattered field accu-
mulates a phase k|z− zn| by propagating along z. Therefore,
in the forward direction (z > zn), the phase accumulated by
the field scattered by one atom is k z+ φ , independent of the
atom’s position. Now considering all atoms, the fields scat-
tered in the forward direction are all in phase at first order (sin-
gle scattering) and thus interfere constructively, as represented
in Fig. 1(a). This conclusion only relies on the 1D geometry
and holds even in the presence of position disorder along the
chain. On the contrary, if the atoms are not aligned along the
zˆ axis, the phases accumulated by the scattered fields do de-
pend on their position, and their superposition in the forward
direction does not lead to constructive interference.
To realize a 1D atomic chain and observe this effect, we
introduce a new platform. We produce an optical lattice by
retro-reflecting a tight optical tweezer focused by two in-
vacuum aspheric lenses with numerical aperture NA = 0.5
[Fig. 1(a)]. It yields a chain of traps with small inter-trap spac-
ing (trapping wavelength λtrap = 940nm resulting in 470nm
spacing), similar to [40], but with tight transverse confine-
ment. The trap beam waist wtrap = 3.3µm (Rayleigh range
zR ' 36µm) is chosen to avoid strong variations of the radial
confinement along the chain while keeping small trap volume
[41]. The dipole trap depth at the waist is∼ 3 mK, correspond-
ing to peak transverse and longitudinal oscillation frequencies
of respectivelyωρ = 2pi×50kHz andωz= 2pi×750kHz. An-
other asset of our setup is the introduction of a second pair of
aspheric lenses on a transverse axis as used in [42] for trap-
ping and probing single atoms, allowing here for local mea-
surements along the lattice axis. The resolution of this system
is ∼ 1µm.
We load the lattice with 87Rb atoms using the following se-
quence: We start from a 3D magneto-optical trap (MOT) su-
perimposed to the lattice and then apply a 200ms Λ-enhanced
grey molasses on the D1 line [43–45] with the lattice tweezer
on. We found empirically that applying the molasses results
in a more reliable loading of the chain with respect to direct
MOT loading. Thanks to the low photon scattering rate of
grey molasses, the lattice is filled with an average of more
than one atom per site. We then switch the MOT beams back
on for 5 ms. This pulse induces strong light-assisted collisions
and ejects atoms out of shallow traps. The atoms are then op-
tically pumped in the |52S1/2,F = 2,mF = 2〉 state, with the
quantization axis set by a 0.5 G magnetic field aligned with
the chain. At the end of the loading sequence, the 200 central
lattice sites are loaded with an average filling η = 0.5± 0.1.
The average interatomic distance is thus 〈rnn〉 ' λtrap ' 1.2λ0
(here λ0 ' 780nm). The average loading is measured by il-
luminating the chain with a saturating resonant beam in free
flight and comparing the fluorescence of the whole chain (see
example of an average image in Fig. 2) with that of a single
atom calibrated independently. The final temperature is T =
1
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FIG. 2. Local shift δω(z) as a function of the position in the chain.
Blue circles (red squares): axial (transverse) excitation. Each data
point is the resonance frequency of a 10µm segment around z. Hor-
izontal error bars: segment width. Vertical error bars: standard error
of the fit of the local spectrum. Dotted lines: results of coupled-
dipoles simulations, with the shaded region corresponding to the ex-
perimental uncertainty in chain filling η = 0.5±0.1 .
80(20)µK, yielding a transverse width σρ ' 300nm' 0.38λ0.
Using this platform, we first explore collective scattering
in the low-intensity limit. The atoms are excited along the
chain axis by applying 200-ns pulses of a σ+-polarized probe
at λ0 = 780.2nm (D2 line). The probe waist is wprobe = 20µm
(Rayleigh range zR = 1.6mm) such that it approximates a
plane wave. The probe intensity is I/Isat ' 0.3. We image
the light scattered by the atoms in the transverse direction on
an electron multiplying CCD camera (EMCCD), through one
of the two additional high-NA lenses. For a given probe de-
tuning, the chain is illuminated by 50 probe pulses and we re-
peat over 300 identically prepared samples to obtain sufficient
statistics. The scattered intensity spectrum is extracted by re-
peating this at different detunings between ∆=−3Γ0 and 3Γ0.
To reveal the effect of interactions along the chain, we divide
it into 10µm-long segments, as shown on the top of Fig. 2. We
observe resonance profiles that are well fitted by a lorentzian,
from which we extract the local shift of the resonance δω(z)
[inset Fig. 3(a)]. This on-axis excitation is compared to the re-
sult of an identical excitation procedure but with a plane wave
probe (wprobe⊥ ' 1.5mm) sent perpendicularly to the chain.
The results are plotted in Fig. 2. Under perpendicular excita-
tion, we do not observe any shift along the chain, while the
shift does increase along the chain for the axial excitation, in-
dicating a buildup of the interactions. These findings are in
agreement with the qualitative discussion above. For compar-
ison, shifts of comparable amplitude were obtained in disor-
dered 2D and 3D samples but for interatomic distances about
ten times smaller [7, 14], highlighting the enhancement of the
collective response by reducing the dimensionality.
We now describe our experimental results in terms of the
the steady-state coupled-dipole model [46]. In this model,
each atomic dipole of the chain is driven by the field of the
3plane wave and the sum of the fields radiated by all the other
atoms: dn = ε0α[EL(rn) +∑m 6=nG(rn − rm)dm] with G(r)
the Green’s function [47]. Here, we assume scalar dipoles to
reproduce the experimental arrangement of two-level atoms
driven by a σ+-polarized field [48]. To get an intuitive under-
standing of the shift increase along the chain, we first use a
perturbative approach, as done in [32]. In the limit of large
interparticle distance (k0 〈rnn〉 > 1), only the long-range part
of the radiated field plays a role and G(r) ∝ eikr/kr. Keeping
only forward scattering at first order (single scattering), the
field intensity at position zn is [32, 47]:
|E (1)(zn,∆)|2 = |EL|2
(
1− 6∆/Γ0
1+(2∆/Γ0)2 ∑zm<zn
1
k|zm− zn|
)
,
(1)
with EL the laser field amplitude. This simple model shows
that the field seen by atoms down the chain is increased
for red detunings (∆ < 0). Thus, the excitation probability
|d (1)n (∆)|2 ∝ |E (1)(zn,∆)|2/(1+ (2∆/Γ0)2) is redshifted com-
pared to the single-atom resonance due to the interactions.
This interaction-induced shift is actually the equivalent of a
collective Lamb shift [49] for a discrete medium [17, 31]. The
interpretation is the following: for red detunings, the scattered
and driving fields are in phase (φ < pi/2) such that construc-
tive interferences increase the field intensity |E(zn)|2[50]. For
blue detuning, they are out of phase (φ > pi/2) and their de-
structive interferences reduce |E(zn)|2.
Though the simple perturbative model captures the mech-
anism behind the local shift, full solutions of the coupled
dipoles including experimental imperfections are necessary
for a quantitative comparison with the data. We thus numer-
ically solve the set of linear coupled equations to calculate
each dipole dn(∆) for various detunings. The power emitted
by a dipole is proportional to Im[dnE(zn)∗] ∝ |dn|2. We take
into account both the random filling fraction and the residual
thermal fluctuation of the atomic positions (radially and axi-
ally) in each well by averaging over several hundreds of ran-
dom realizations and plot the mean dipole in the chain slices
used in the experiment, ∑n∈slice |dn(∆)|2, as a function of the
detuning. The obtained spectra are well fitted by a Lorentzian
lineshape, from which we extract the theoretical line-shift.
The results are shown in Fig. 2, for different fillings η com-
patible with the experimental uncertainty. We obtain a good
agreement between the data and the ab-initio model with no
adjustable parameter.
Next, we vary the parameters controlling the interaction
strength. As discussed above, the collective enhancement
of interactions relies on the 1D geometry. Therefore, we
first consider a situation away from 1D. In this case, if an
atom is displaced by ρn perpendicularly to the chain axis, the
phase factor on axis is k|r−rn| ' k|z− zn|+ kρ2n/(2|z− zn|).
The relevant factor for constructive interferences to occur at
an axial distance ∆z should thus be that the Fresnel number
σ2ρ/λ0∆z 1, with σρ the radial extent. This shows that when
σρ/λ0 1, interferences should disappear. To check this ex-
perimentally, we change the radial size of the atomic distribu-
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FIG. 3. (a) Global shift δω as a function of the radial size σρ of
the cloud after a time-of-flight. Vertical error bars: fit standard er-
rors, horizontal errors: size variation during probe pulse. Dotted line:
coupled dipoles simulations accounting for the experimental uncer-
tainty on the chain filling η . Inset: example of fluorescence spectra.
(b) Global shift δω vs. η compared to coupled dipole simulations
(shaded region accounting for experimental uncertainty in tempera-
ture 80(20)µK. Vertical error bars: fit standard errors. Horizontal
errors: experimental uncertainties. The reference of the shifts is the
intercept of a linear fit of the data. Inset: comparing data of (a) and
(b), plotted vs. nearest-neighbour distance: k〈rnn〉.
tion by letting the chain expand in free flight. After this time-
of-flight we send a near-resonant probe pulse for 10µs along
the chain and collect again the light scattered in the transverse
direction. We now record the scattered intensity summed over
all the chain for various detunings and extract the global shift
of the resonance frequency δω . Figure 3(a) shows the evo-
lution of δω as a function of σρ/λ0. As expected, the shift,
and hence the interactions, vanishes when the atoms are not
in a 1D geometry. The dotted lines correspond to coupled-
dipoles simulations computed with our experimental parame-
ters. They are in good agreement with the data.
In another set of experiments we increase the interatomic
distance while keeping the 1D geometry, by reducing the fill-
ing fraction of the chain [47]. The global shift as a function of
the filling of the chain is shown in Fig. 3(b), together with the
coupled-dipoles simulations. We experimentally observe a re-
duction of the shift, as predicted. However, the calculated lin-
ear dependence is not clear in the data. This may be explained
by a non-uniform filling along the chain. The same data are
plotted in the insert as a function of the average interatomic
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FIG. 4. (a) Measured global resonance shift as a function of the laser
Rabi frequency (circles). Vertical error bars from the fits. Horizontal
errors: 10% uncertainty on the probe intensity. Dotted lines: results
of the NCD model including the experimental parameters. Shaded
area: uncertainty in the filling fraction η = 0.5±0.1. (b) Mean-field
nonlinear coupled-dipole calculations for chains of N atoms (solid
lines) are in reasonable agreement with a full quantum model (cir-
cles).
nearest-neighbour distance k〈rnn〉 and compared with the data
of Fig. 3(a): at a given k〈rnn〉, the shift is much stronger for
a 1D sample. This again shows that collective scattering is
enhanced in 1D.
Finally, we explore the evolution of the frequency shift
when increasing the intensity of the driving field beyond the
low-intensity limit. We again send the probe light along the
chain axis and collect the transverse scattered light. We have
verified that the higher intensity does not lead to significant
extra atom losses and heating. We measure the scattered in-
tensity spectrum integrated over the chain. When increasing
the intensity of the probe light, we observe a broadening of
the lorentzian line, as well as a suppression of the global shift
as shown in Fig. 4(a).
To model the data, we use a nonlinear coupled-dipole
(NCD) model accountings for the nonlinear single atom re-
sponse (see also [34]): We solve again the coupled-dipole
equations, but now using the nonlinear expression of the
atomic polarizability for a strongly driven two-level atom
given by the steady-state solution of the optical Bloch equa-
tions [51]: αNL(∆,Ω) = i
(6pi/k30)(1+2i∆/Γ0)
1+(2∆/Γ0)2+2Ω2/Γ20
. Here Ω = dE/h¯
(d2 = 3piε0 h¯Γ0/k30) is the Rabi frequency and E is the to-
tal field driving the atom, superposition of the laser field and
the one scattered by all other atoms. This model amounts to
a mean-field theory where the many-body density matrix is
factorized into a product of individual atomic density matri-
ces [34, 47, 52, 53]. To compare to the data, we calculate
the fluorescence which is proportional to the sum of the ex-
cited state populations ρee,n = Im[ρeg,nΩ∗n]/Γ0 of atoms in the
chain (here ρeg,n = dn/2d is the atomic coherence between
ground and excited states of atom n) [51]. By solving this
model, we observe that the spectrum becomes slightly asym-
metric. To extract a shift nonetheless, we fit the center of the
spectrum (−2 < ∆/Γ0 < 2) with a lorentzian, as done in the
experiments. Considering first unity-filled short chains, we
obtain a reduction of the global shift with increased driving
strength [Fig. 4(b) solid lines]. To check the validity of this
model, we compare it with the full solution that keeps quan-
tum correlations into account [Fig. 4(b) circles] calculate as
in R fs. [22, 24] for a chain of 6 atoms: the NCD model satis-
fyingly captures the evolution of the shift for the considered
inter-at m c spacing.
The reduction of the resonance shift can be interpreted as an
effect of the saturation of individual quantum emitters [25].
Indeed, from the above nonlinear expression of the polariz-
ability, the atomic dipole scales as 1/Ω in the strong driving
limit. Thus on a given atom, the ratio of the driving applied
by the other ones to the external driving decreases as 1/Ω2,
hence suppressing interferences along the chain. The results
of NCD calculations for the experimental parameters, involv-
ing ∼ 100 of atoms, are shown in Fig. 4(a). They are in good
agreement with the experimentally measured global shift for
the weakest driving, but predict a more gradual tail-off to zero
for stronger driving. Further investigations are required to elu-
cidate the disagreement at large driving amplitudes. A further
reduction of interferences could also be due to incoherent scat-
tered light, and in the strong field limit some unaccounted-for
mechanisms might depump atoms out of the two-level system.
The measurements presented here show that controlling the
geometrical arrangement of an atomic sample allows to shape
its collective response to light, as also observed in [17]. Fur-
ther investigations beyond the classical regime of weak driv-
ing should follow. Increasing the coupling strength by reduc-
ing the interatomic distance will be a promising way forward
to observe effects beyond what is captured by the mean-field
model and to address long-lived subradiant states.
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7Supplemental material
Derivation of eq. (1) of the main text
As said in the main text, in the weak excitation limit, an ensemble of driven two-level atoms can be treated as coupled damped
harmonic oscillators. In steady state, this leads to a set of linear coupled equations:
0 = (2iδ −1)Dn−EL(rn)− ∑
m 6=n
g(rm−rn)Dm , (2)
where we have defined Dn = dn i(k30/6piε0). Here δ = ∆/Γ0 is the detuning normalized by the natural linewidth Γ0, and g(r) =
G(r) i(6piε0/k30) is the dimensionless field propagator:
g(r) =
3eikr
2i
{
[3|rˆ.eˆy|2−1]
[
1
(kr)3
− i
(kr)2
]
+[1−|rˆ.eˆy|2] 1kr
}
. (3)
In our system, with rˆ · eˆy = 0, the expression of the field propagator (3) simplifies to
g(r) =
3eikr
2i
[
1
kr
+
i
(kr)2
− 1
(kr)3
]
. (4)
Equation (2) is then
(2iδ −1)Dn− ∑
m 6=n
3eik|zm−zn|
2ik|zm− zn| fmnDm = ELe
ikzn . (5)
with fmn = 1+ ik|zm−zn| − 1(k|zm−zn|)2 . Assuming k|zm− zn|  1 for all m 6= n, one can solve perturbatively the equations (5) and
get the zeroth order dipoles
D(0)n =
ELeikzn
2iδ −1 . (6)
The field at first order is then
E(1)(z) = ELeikz+ ∑
m 6=n
3eik|zm−z|
2ik|zm− z|
ELeikzm
2iδ −1 (7)
Factorizing the global phase eikz and splitting the sum into two parts leads to
E(1)(z) = ELeikz
1+
3
2i(2iδ −1)
∑zm<z 1k(z− zm)︸ ︷︷ ︸
forward scattering
+ ∑
zm>z
e2ik(zm−z)
k(zm− z)︸ ︷︷ ︸
backward scattering

 (8)
Equation (8) shows that all forward scattering terms add constructively at long distance. The backward scattering is suppressed
at long range because of the random phase factor 2k(zm− z). Keeping only the forward scattering term, the field intensity at
position z is thus given by
|E(1)(z)|2 = |EL|2
∣∣∣∣∣1+ 32i(2iδ −1) ∑zm<z 1k(z− zm)
∣∣∣∣∣
2
(9)
which gives at lowest order in 1/k(z− zm),
|E(1)(z)|2 = |EL|2
[
1− 6δ
1+4δ 2 ∑zm<z
1
k(z− zm)
]
. (10)
8Derivation of nonlinear coupled dipole model (NCD)
Consider an ensemble of N atoms located at ri in space. Each atom has two levels |e〉 and |g〉 differing in energy by h¯ωe,
coupled via a σ+ transition with dipole moment d. The atoms are coupled via electromagnetic field modes enumerated by q. If
we label the mode occupation number operator as a†qaq, we can write the system Hamiltonian as (h¯= 1)
H =
N
∑
n=1
ωe|en〉〈en|+∑
q
ωqa†qaq−
N
∑
n=1
∑
q
√
2piωq
V
(
εˆqeikq·rnaq+ εˆ∗qe
−ikqrna†q
)
(d+,n+d−,n), (11)
where the dipole operator of the n-th atom can be written as
dn =
d√
2
1i
0
 |en〉〈gn|︸ ︷︷ ︸
≡d+
+
d√
2
 1−i
0
 |gn〉〈en|︸ ︷︷ ︸
≡d−
. (12)
Following the approach of R. H. Lehmberg [54], we integrate out the internal photon hopping between dipoles via EM modes,
and obtain [22, 24] in the rotating-wave approximation the evolution of the N-atom density matrix ρ
dρ
dt
= i[Heff,ρ]+L [ρ], (13)
where
Heff =−
N
∑
n=1
∆|en〉〈en|+
N
∑
n=1
(
d+,n ·E(0)+ +d−,n ·E(0)†+
)
− ∑
i, j=x,y,z
N
∑
n,m=1
di+,n ·
↔
V
i j
nm ·d j−,m, (14)
L [ρ] =∑
i, j
∑
n,m
↔
Γ
i j
nm
[
d j−,m ρ d
i
+,n−
1
2
{
di+,n d
j
−,m, ρ
}]
. (15)
The effective dipole-dipole interaction
↔
V nm = Re
[↔
G(rnm)
]
and decay
↔
Γnm = 2 Im
[↔
G(rnm)
]
, (with rnm = rm− rn) depend on
the Green’s dyadic function
↔
G(r) =
k30
4piε0
eikr
{[
1
kr
+
i
(kr)2
− 1
(kr)3
]
1+
[
− 1
kr
− 3i
(kr)2
+
3
(kr)3
]
|rˆ〉〈rˆ|
}
. (16)
We will now assume that quantum correlations that form between the atoms are negligible and solve the above set of equations
in the mean-field limit ρ =
⊗
nρn, where ρn are density matrices of individual atoms. We can then solve the above system for
the coherence ρeg,n and excited state population ρee,n of atom n
dρee,n
dt
=−Γ0ρee,n+ iρge,nΩn2 − iρeg,n
Ω∗n
2
(17)
dρeg,n
dt
= i∆ρeg,n− Γ02 ρeg,n− i(ρee,n−ρgg,n)
Ωn
2
(18)
where the driving Rabi frequency for dipole n is given by the sum of the laser driving field and field scattered by other dipoles
Ωn
2
= d+,n ·
[
E+(rn)+ ∑
m 6=n
↔
G(rn− rm)d−,m
]
. (19)
The solution of Eqs. (17-18) has the same form as that of a single driven atom with Rabi frequency Ωn
ρeq,n =
iΩn
Γ0
x
1+2i∆/Γ0
1+4(∆/Γ0)2+2Ω2n/Γ20
. (20)
By keeping the full evolution of a single quantum emitter we account for the saturation of the emitted field from the individual
emitters under strong driving. Considering the large interatomic spacing in the experimental conditions we do not expect strong
correlations to occur due to the driving field. We do however neglect correlations that can occur due to collective decay: Cascades
of such collective decays can lead to a well defined phase between spatially distant atoms, giving rise to superradiant phenomena
9for example [55]. However collective decays can be neglected because under persistent laser driving there is not enough time
for a cascade to build up strong enough coherence between individual atoms. If the driving was pulsed, the dynamics might
experience strong quantum correlations. It is not the case here.
To further check the validity of our approximation we compare the predictions of the NCD model with the full quantum
evolution given by Eq. (14) integrated using quantum Monte Carlo as in Ref. [22, 24]. Results for unity-filled chains with the
inter-site distance a= 470nm as in the experiment are shown in Fig. 4(a) of the main text. They are in relatively good agreement
with NCD predictions. However, we do observe differences showing that correlations (correctly accounted for by quantum
Monte Carlo) could be playing a role, even at these relatively large distances. This will be the topic of future work.
Reduction of the relative line shift under strong driving
For I/Isat& 1, the linear coupled-dipole model fails because its prediction for the atomic dipole [Fig. 5(a) dashed line] does not
capture the saturation of two-level quantum emitters [Fig. 5(a) solid line]. The linear model predicts how large the atomic dipoles
should be if the shift of the fluorescence peak δω was to remain the same even for increased driving amplitudes Ω. The dipole
saturation is the main cause for the reduction of the shift. The shift relative to its value for vanishing drive δω(Ω)/δω(Ω→ 0)
has the same behaviour for all atom numbers N for unity-filled chains in the NCD model as can be seen Fig. 5(b) where curves
for different atom numbers collapse in a single one.
Driving amplitude, Ω/Γ
|ρeg|
∼ αΩ/µ
C
oh
er
en
ce
ρ
eg
(a)
Driving amplitude, Ω/ΓSh
if
t,
δ
ω
(Ω
)/
δ
ω
(Ω
→
0)
(b) N =
FIG. 5. For strong driving, the coherence ρeg of a two-level quantum system saturates (a, solid line), departing from the classical linear-dipole
prediction (a, dashed line). The mean-field non-linear coupled-dipole model (NCD) calculations for different unity-filled N-atom chains (b)
predicts that the relative shift will be reduced in the same manner for different chain lengths.
Effect of random filling and position disorder in each well
For a perfectly filled lattice with no disorder, one expects two things: First, an overall gradual shift due to a variation in
the strength of the interaction akin to what we observe when changing the filling in the main text. Second a modulation due
to a Fabry-Perot effect when the lattice constant is a multiple of half the wavelength (the phase shift between sites is then a
multiple of pi), this is discussed for instance in [32]. In the case of a randomly filled and disordered chain, the shift is reduced
by the radial disorder and the modulations wash out because the Fabry-Perot effect is blurred by the axial disorder, but some
modulation remains. This interesting effect could be the future of future research. We compare the predictions for a randomly
filled, disordered chain to that of a perfect chain with an atom placed every other site in Fig. 6. For our lattice constant of 1.2
wavelengths, the Fabry-Perot effect is absent and there is no strong effect of the disorder except a small reduction of the shift.
Methods for the measurement of the scattered light
We excite the cloud with 50 pulses of 200 ns in free space, i.e. with the dipole trap switched off. The probe has the same
polarization (σ+) as the optical pumping beam (it is recombined before an optical fiber and the polarization is filtered afterwards
with a polarizing beam-splitter cube), the magnetic field is kept the same during the optical pumping as during the probing.
Between the probe pulses, we recapture the atoms by applying 200 ns pulses of the trapping laser. This method ensures that
the chain does not expand significantly during the probing time and retains its 1D symmetry. The release-and-recapture rate is
high enough to avoid the parametric heating of the atoms. The number of probe pulses and their duration is set such that the
signal-to-noise ratio is acceptable, without resulting into heating and atom losses higher than 5 %. We have checked the heating
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FIG. 6. Predicted global shift δω/Γ0 as a function of distance between two lattice sites for different situations: randomly filled chain with
position disorder in each well (as in the experiments), randomly filled chain without disorder and perfect chain (with double spacing to keep
the same average nearest-neighbour distance). We indicate as a vertical line the spacing (a/λ0 = 470/780' 0.6) of the experiments presented
in this paper.
and losses for the maximum probe intensity used in the paper (Ω/Γ0 ' 3, corresponding to about I = 20 Isat), and used this pulse
number for all intensities (lower intensities result in weaker heating).
The pulse cycles induce a change in effective trapping. We have verified by running simulations of the atomic motion under
the pulse cycles that the increase in the transverse width of the cloud leads to an expected reduction of the measured global
collective shift of about 6 %, which is much less than our experimental uncertainties.
For the weak excitation regime, we set the probe beam intensity to IIsat ' 0.3, while for the data of Fig. 4, the probe intensity
is varied. The transverse scattered light is collected on an electron-multiplying CCD. It is then recorded as a function of the
frequency of the excitation beam in a range [−3Γ0,3Γ0] around the single atom resonance frequency where Γ0 = 2pi×6MHz is
the natural linewidth. The sequence is repeated 300 times. The resonance frequency is then extracted using a lorentzian fit over
the data.
Measurement of the radial size of the cloud
The transverse imaging axis gives access directly to the radial and axial sizes of the cloud for sizes larger than about 1µm
using a 2D gaussian fit of the integrated fluorescence. We let the cloud expand in free flight during tof and measure its size.
The radial size is σρ(tof) =
√
σ2ρ,0+ v
2
T t
2
of where vT =
√
kBT
m is the atomic velocity. By repeating the measurement for different
tof, we obtain the temperature of the atoms: T= 80(20)µK. Using the trap parameters, this gives us the initial radial size
σρ,0 = 285(30)nm and thus the radial size of the cloud at all times.
Control of the average interatomic distance in the chain
The interatomic distance is changed in the following way: a full chain is loaded as explained in the main text. Some fraction
of the atoms is first optically pumped in the (52S1/2, F = 2) state. These pumped atoms are then ejected from the trap using a
state selective “push-out beam”, that is resonant with the (52S1/2, F = 2)→ (52P3/2, F ′ = 3). The remaining atoms are assumed
to form a uniformly filled chain, whose length is equal to the initial one but the density is smaller. To measure the filling, we
assume that for a saturating probe intensity, the fluorescence is proportional to the filling. The relation between fluorescence and
filling is obtained independently using the calibration of the fluorescence of a single atom. The standard deviation of the filling
is estimated by collecting the fluorescence of a 5ms pulse of the MOT beams just after the loading of the chain. This method
is prone to systematic errors due to the light shift of the trapping laser, but it allows us to estimate the relative shot-to-shot
fluctuations of the filling. On the plot Fig. 3(b), the reference of the shifts is defined as the intercept of a linear fit of the data, and
the value is compatible with the non-interacting reference value of Fig. 3(a). The average interatomic distance between closest
neighbour atoms for the time-of-flight experiment [red squares in the insert Fig. 3(b)] is simulated by choosing randomly the
positions of the atoms with a uniform distribution along the chain axis and according to a Gaussian law with variance σρ in the
radial direction.
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Reference of the measured shifts
The frequency of lasers is locked by standard saturated absorption spectroscopy in Rb cells. However, laser frequency drifts,
for instance in lock electronics, RF sources for frequency shifters etc. might lead to day-to-day drifts in the experiments. To
prevent from such systematics, we verify the position of the resonance of independent non-interacting atoms. The reference we
use for this is that of 3D dilute clouds after a long time-of-flight such that interactions do not play a role. We have verified that in
this case, we do not find a shift between the resonance when exciting using the probe along the cloud axis (zˆ) and perpendicularly
to it, as opposed to what is found in the trapped case. This allows us to define the shift in the different figures of the paper. In the
data of Fig. 3(b), no reference could be taken on the same day data was taken, the reference is defined as the intercept of a linear
fit to the data with the η = 0 axis, the reference value this obtained corresponds to the reference value obtained by spectroscopy
of noninteracting atoms on other days.
